Abstract-Swath mode processing of CryoSat-2 Synthetic Aperture Radar Interferometric (SARIn) mode has been used to monitor elevation of areas with complex topography such as over ice sheet and ice cap margins. Swath processing relies on an accurate measure of the angle of arrival of the measured echo and, therefore, requires custom strategies in order to resolve the ambiguous phase measurement. In mountainous regions of complex terrain, it may be necessary to apply different phase ambiguities across a waveform record when returns come from different scatters distributed perpendicularly to the CryoSat-2 ground tracks. In this letter, we present modifications to the conventional swath processing method whereby a multisurface retracker is first applied to the record in order to identify potential different scattering surfaces. Phase ambiguity is then independently resolved for each of these subsurfaces. The improvements with this new method over the Karakoram glaciers are a 10% increase in the number of measurements with improvements of almost 50% for individual glaciers and a reduction in the median absolute deviation of the elevations from 20.18 to 14.69 m.
I. INTRODUCTION
E ARTH'S land ice, comprising the Greenland and Antarctic ice sheets, ice caps, and mountain glaciers, is losing mass and is estimated to have contributed 31 mm toward global sea-level rise since 1992 [1] , [2] . The role of glaciers in current sea-level budgets is significant and is expected to continue over the next century and beyond [2] , particularly in the Arctic, where mean annual surface temperatures have been increasing twice as fast as the global average [9] . Glaciers in High Mountain Asia (more than 110 000 km 2 of glacier area) have experienced losses in the recent decades, but the region is sparsely observed and uncertainties are generally large [3] - [6] . A. Garcia-Mondéjar, M. J. Escorihuela, and M. Roca are with isardSAT Ltd., Surrey Technology Centre, Guildford GU2 7YG, U.K. (e-mail: albert.garcia@isardsat.co.uk).
N. However, mountain glaciers have been studied less than polar ice caps due to the limited performance of altimetry over complex topography [7] , [8] . Since 2010, the Synthetic Interferometric Radar Altimeter (SIRAL) onboard the European Space Agency (ESA) radar altimetry CryoSat-2 mission has been collecting ice elevation measurements over glaciers and ice caps. Its Synthetic Aperture Radar Interferometric (SARIn) instrument mode reduces the size of the footprint along-track and locates the across-track origin of a surface reflector in the presence of a slope. This offers new avenues for the measurement of regions marked by complex topography [10] , [11] . Recently, data from the SARIn mode have been used to infer elevation from the point of closest approach (POCA) to additional observations with an approach known as "swath processing." This processing technique allows to form denser and statistically robust time series of elevation change improving the temporal resolution by a factor of 5 compared with the POCA method. It enables the study of key processes that underlie current changes in the cryosphere [12] - [14] in particular for ice caps and glaciers. The swath processing method relies on selecting the measurements using quality criteria of power, coherence, and surface slopes. The algorithm then needs to correctly unwrap the measurements to ensure accurate vertical and planimetric geolocation; the correct 2π modulus to apply to the raw phase measurement is generally chosen based on phase continuity and a minimization scheme on a waveform by waveform basis. These routine approaches make the assumption that the surface terrain is homogeneous within the beam-limited footprint area, an assumption that is not applicable in most mountainous regions where the surface topography is complex. In these regions, a given waveform can contain echoes from an interferometric phase greater than π, which current approaches cannot properly deal with. The solution proposed in this letter, the multiswath processor, is an adaptation of the conventional swath processor with an additional preliminary step to identify the multiple reflections that have been received on a single record. These reflections can then be treated independently during unwrapping.
II. REGION OF INTEREST, DATA, AND METHODS

A. Region of Interest
The Karakoram is a large mountain range spanning the borders of Pakistan, India, and China. It is the home to the four most closely located peaks over 8000 m in height on Earth: K2, the second highest peak in the world at 8611 m, 1545-598X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Gasherbrum I, Broad Peak, and Gasherbrum II. It is also the most heavily glaciated part of the world outside the polar regions. Due to its challenging topography, the glaciers in this area have been selected to test the swath processing improvements. A map of the region with the distribution of the glaciers is shown in Fig. 1 using glacier masks from the Global Land Ice Measurements from Space (GLIMS) database [15] . The orientation of the glaciers is an additional complexity under test because the swath processing is supposed to work better when the slope gradient is perpendicular to the ground tracks.
B. Data
The CryoSat-2 SARIn Baseline C L1b files acquired between 2010 and 2012 have been processed with the conventional swath processor [13] and a modified version of it, named the multiswath processor, which includes the new multisurface retracker methods described in this letter. All the CryoSat-2 data needed were delivered by ESA through the Earth Observation Principal Investigator (EOPI) portal. The SPOT5 Digital Elevation Model (DEM created from SPOT5 satellite images) was selected as the reference DEM in the phase unwrapping step, and as a quality control, it was the closest in time (SPOT5-2011, ASTER-2008, and STRM-2000) [4] to the CryoSat-2 data sets analyzed (2010) (2011) (2012) . Finally, the glacier masks were obtained from the GLIMS Glacier Database (www.glims.org RGI v6.0).
C. Methods-Multiswath Processor
The differences between the multiswath processor and the conventional processor are split into two blocks. The first is a preliminary step performed before the swath processing in order to partition the L1b record into sections and the second is to perform swath processing with modified configuration parameters (the coherence threshold, the phase unwrapping limit, and the outlier rejection threshold).
1) Multisurface Retracker:
The multisurface retracker is in charge of splitting the multilooked SARIn waveforms into segments, enabling them to be processed independently as they may come from different angles of arrival. The coherence computed in the L1b product is used to identify regions with coherence lower than a threshold and of a longer than three samples. The retained sections are partitioned by these gaps and the data within the gaps are discarded. After that, the number of retained sections is counted.
The steps of the retracker that allows the different surfaces, in which the echo is composed of, to be identified are as follows.
1) Identify samples with coherence higher than the coherence threshold. 2) Use gaps longer than three samples to split the waveform into the corresponding segments. 3) Scale the power waveforms from counts to decibels (dB) by applying the echo scale factor from the L1b product. 4) Check if the maximum power of each surface is higher than a power threshold (−170 dB). 2) Swath Interferometric Altimetry: Three configuration parameters within the conventional processor have been reassessed: the coherence threshold, the phase unwrapping limit, and the outlier rejection threshold. The coherence threshold has been relaxed from the 0.8 value used in the processing of polar regions to 0.6. This increases the number of elevation measurements in the swaths but the overall performance needs to be compared to see if they are degraded or not.
The global phase correction (±2π · N) limits have been increased from N = 2 to N = 3 in order to retrieve targets in the far ranges (from 34 to 47 km) in the across track direction. Finally, the threshold to filter out elevations with a DEM difference greater than 50 m has also been increased to 150 m. Surge events can produce fast and large (about tens of meters in a matter of a few days) elevation changes that should not be filtered out.
III. ANALYSIS AND RESULTS
A. Multisurface Identification
The complex signal backscattered from a mountain region can be observed in the L1b data shown in Fig. 2 . The sudden changes in power, coherence, and angle of arrival are clear, as is the segmentation into six different sections.
The process of selecting the best phase wrapping factor is an iterative loop that consists of computing the elevations and locations for each ambiguous region for each different selected section of the waveforms and evaluating them against the DEM used as a reference in that particular location [ Fig. 3 (Top) ] [13] . The value of the N that gives the lowest deviation in elevation is used to compute the elevations [ Fig. 3 (Bottom) ]. Relaxing the coherence threshold increases the number of points retrieved but the higher noise of the angle of arrival may worsen the precision of the measurements. In the conventional swath processing, this N was a common value for each L1b record, preventing the possibility of having reflections from more than one ambiguous region.
B. Results of Configuration Parameter Assessment
The parameters chosen to evaluate the quality of the results are the mean value of the difference between the elevation measurements and the reference DEM (DEM Diff) and the median absolute deviation (MAD) [13] which measures the dispersion of the elevation biases MAD = median (DEM Diff − median (DEM Diff)). (1) Relaxing the coherence threshold down to 0.6 allows the retrieval of more elevation measurements. In Fig. 2 , six different reflections are identified, whereas only two would be retrieved with the 0.8 threshold, with fewer points on them. The advantage of including the number of points to increase the coverage has to be balanced against the performance as their quality is lower. The impact of relaxing the outlier rejection threshold from 50 to 150 m is a 22% increase in the number of elevations retrieved with a degradation in the DEM Diff and the MAD of 1.27 and 1.77 m, respectively. The effect of increasing the off-nadir margins to bring just 38 new measurements without increasing or decreasing the overall results.
For the glaciers analyzed, the combined impact of the reassessed configuration parameters is an increase of 404% in the number of measurements and a slight degradation in the DEM Diff and the MAD changing from 5.77 to 7.57 m (+1.8 m) and from 9.46 to 14.69 m (+4.14 m), respectively. The large increase in observations, in particular, for glaciers with few measurements previously, justifies these small changes in performance (see Section III-C) and increases the chances of generating elevation and volume time series for the first time in this region using altimetry measurements.
C. Conventional Versus Multiswath Results
The CryoSat-2 L1b data have been processed with both the conventional swath and the multiswath processor using the same reassessed configuration parameters. For each of the glacier regions, the retrieved elevations have been evaluated and the results from both processors have been compared. Table I shows the results corresponding to the number of measurements retrieved for each glacier and the overall computation. Overall, the multiswath processor retrieves 10% more measurements with significant improvements in G076196E36156N (+49%) Bilafond (42%), Masherbrum (37%), and Nagir (+32%) glaciers. These improvements are hypothesized to be due to the northward orientation of the main glacier its tributaries. Fig. 4 shows the elevations retrieved with the differences between the conventional and multiswath retrievals for the Baltoro and Nagir glaciers. The improvement in the number of new elevations enables new regions to be mapped that were not monitored in the conventional processing. The limitation in the conventional swath of having a single global phase correction per record does not allow the measurement simultaneously of echoes from surfaces separated more than one ambiguous region in the across track direction. This limitation is solved with the multiswath approach and more measurements are retrieved In terms of precision (MAD) and accuracy (DEM Diff), the results show a common improvement in the precision in all the glaciers but the accuracy is not improved uniformly.
The improvement in the MAD in the multiswath processor is 5.49 m. Table II 
IV. CONCLUSION
The swath processing technique is key to getting the most out of the SARIn mode from CryoSat-2. We have described an approach to split the returns from a single record into multiple segments. This approach helps to improve the echo relocation and increases the number of elevation measurements that can be derived when the terrain geometry is complex and leading to echoes from targets located at different ambiguous ranges. The reassessed configuration parameters allowed an increase in the number of retrievals, by 10% on average and up to 50% in the most favorable glacier, with a reduction in the MAD of the elevations from 20.18 to 14.69 m.
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